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Neuronal identities are specified by the combinatorial functions of activators and repressors of gene expression. Members of the well-
conserved Olf/EBF (O/E) transcription factor family have been shown to play important roles in neuronal and non-neuronal development and
differentiation. O/E proteins are highly expressed in the olfactory epithelium, and O/E binding sites have been identified upstream of
olfactory genes. However, the roles of O/E proteins in sensory neuron development are unclear. Here we show that the O/E protein UNC-3 is
required for subtype specification of the ASI chemosensory neurons in Caenorhabditis elegans. UNC-3 promotes an ASI identity by directly
repressing the expression of alternate neuronal programs and by activating expression of ASI-specific genes including the daf-7 TGF-h gene.
Our results indicate that UNC-3 is a critical component of the transcription factor code that integrates cell-intrinsic developmental programs
with external signals to specify sensory neuronal identity and suggest models for O/E protein functions in other systems.
D 2005 Elsevier Inc. All rights reserved.Keywords: Caenorhabditis elegans; unc-3; Olf/EBF; ASI; Chemosensory neuronIntroduction
The nervous system is comprised of a large number
of diverse cell types with distinct functions, morpholo-
gies, connectivities, and gene expression patterns. A
common emerging theme is that these distinct cell type-
specific properties are determined by the combinatorial
functions of multiple transcription factors (reviewed in
Lanjuin and Sengupta, 2004; Shirasaki and Pfaff, 2002;
Voas and Rebay, 2004). In many and perhaps in all
cases, transcription factor Fcodes_ act to not only promote
cell type-specific characteristics, but to also repress
inappropriate gene expression. Although individual com-
ponents of these codes have been identified in several
systems, the mechanisms by which they act are not fully
understood.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.07.024
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302 neurons, of which 32 are sensory neurons of 14 subtypes
(Ward et al., 1975; White et al., 1986). Twelve of these
sensory neuron subtypes are present in the bilateral amphid
organs of the head and have been shown to mediate distinct
sensory functions (Bargmann and Mori, 1997). For instance,
at early developmental stages, the ASI chemosensory neuron
pair responds to environmental cues such as levels of a
constitutively secreted pheromone to regulate expression of
the daf-7 TGF-h gene (Bargmann and Horvitz, 1991; Ren et
al., 1996; Schackwitz et al., 1996). Downregulation of daf-7
expression under adverse environmental conditions triggers
entry into the alternate dauer developmental stage. Forward
and reverse genetic approaches have led to a description of
the developmental pathways required for the specification of
individual sensory neuron subtypes (reviewed in Melkman
and Sengupta, 2004). Similar to observations in other
systems, determination of subtype identity in C. elegans
requires both activation and repression mechanisms (Chang
et al., 2003, 2004; Johnston and Hobert, 2003; Sagasti et al.,
1999). However, it is unclear whether different sensory86 (2005) 136 – 148
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their specification, or whether distinct mechanisms are
employed.
The Olf/EBF (O/E) families of HLH domain-containing
transcription factors are highly conserved across species and
have been implicated in the development of multiple cell
types including neurons, muscles, adipocytes, and B
lymphocytes (reviewed in Dubois and Vincent, 2001;
Liberg et al., 2002). In the mouse, all four members of the
O/E family are expressed in mature and immature olfactory
receptor neurons (Wang et al., 1997, 2002). O/E binding
sites have been identified upstream of many olfactory genes,
including olfactory receptor genes, suggesting that these
proteins play important roles in the regulation of olfactory
gene expression (Kudrycki et al., 1993; Mori et al., 2000;
Vassalli et al., 2002; Wang and Reed, 1993; Wang et al.,
1997, 2002). However, although mutations in O/E2 and O/
E3 result in projection defects in a subset of olfactory
neurons, the specific roles of each O/E protein in olfactory
neuron development have not been fully defined, due in part
to functional redundancy (Wang et al., 1997, 2004). The C.
elegans genome is predicted to encode a single member of
the O/E family, UNC-3 (Prasad et al., 1998). unc-3 is
transiently expressed in the motoneurons of the ventral
nerve cord and is required for their differentiation (Prasad et
al., 1998; Wightman et al., 1997). Intriguingly, unc-3 is also
expressed throughout post-embryonic development in a
single chemosensory neuron type—the ASI neurons; how-
ever, the role of unc-3 in ASI neuron development is
unknown.
Here we show that UNC-3 acts both as a repressor and
activator of gene expression in the ASI neurons. In unc-3
mutants, the ASI neurons misexpress terminal differentia-
tion genes specific to multiple neuron types, and the
expression of ASI-specific genes including the daf-7 TGF-
h gene is downregulated. We show that misexpression of
UNC-3 in other sensory neurons is sufficient to repress gene
expression, and that UNC-3 directly binds sequences in cis-
regulatory regions to mediate repression. Thus, UNC-3 is a
crucial member of the transcription factor repertoire that
specifies an ASI identity. These findings suggest that O/E
proteins may function via similar activation and repression
mechanisms to regulate cell-specific features in the olfactory
and other tissues in vertebrates.Materials and methods
Isolation of unc-3(oy85)
A strain carrying integrated copies of a ceh-360gfp
transgene was mutagenized using EMS and standard muta-
genesis protocols. oy85 was identified in a screen of
¨14,000 haploid genomes for alterations in ceh-360gfp
expression using a dissection microscope equipped with
epifluorescence. oy85 was mapped to LG X and fine-mapped with respect to genetic markers. oy85 was found to
be an allele of unc-3, based on phenotypic and sequence
analysis.
Verification of neuronal marker misexpression in unc-3
mutants
The observed ectopic expression of gfp fusion genes in
the ASI neurons of unc-3 mutants was confirmed by
staining with antibodies (anti-FLP-8; gift from C. Li),
expression of alternate reporter genes (srh-1420dsRed and
flp-30lacZ), and expression of reporter genes generated via
PCR fusion (Hobert, 2002) (srd-230gfp and flp-200gfp
fusion genes were generated via PCR fusion and lack all
vector sequences except the synthetic intron and unc-54
3VUTR sequences present in the C. elegans expression
vectors; an odr-100gfp fusion gene containing let-858
3VUTR sequences and lacking the synthetic intron was also
generated via PCR fusion).
Expression plasmids and generation of transgenic animals
The gpa-4 promoter0unc-3 or ceh-36 promoter0unc-3
expression plasmids were generated by fusing gpa-4
promoter or ceh-36 promoter sequences to a unc-3 cDNA
kindly provided by B. Prasad and R. Reed. The C. briggsae
odr-10 promoter0gfp fusion was generated by fusing ¨1.1
kb of promoter sequences to gfp using the PCR fusion
method (Hobert, 2002). These constructs were injected at 50
ng/Al with unc-1220dsRed or lin-15(+) as the co-injection
marker.
odr-10, flp-8, and daf-7 promoter deletion constructs
were generated by either restriction digestion or PCR fusion
(Hobert, 2002). Site-directed mutagenesis was carried out
with the Quick-Change site-directed mutagenesis kit (Stra-
tagene). Each plasmid was injected into wild-type animals at
50 ng/Al with rol-6 as the co-injection marker.
Identification of UNC-3 binding sites
A consensus O/E binding site motif was derived from
eight mammalian targets using WebLogo (http://weblogo.
berkeley.edu/). O/E binding sites in the promoters of flp-8
and odr-10 genes were identified using a simple matrix-
based motif search program, Possum (http://zlab.bu.edu/
¨mfrith/possum/; score threshold was set at 5). Among the
identified sites, a motif in each promoter that had the highest
score was further analyzed via mutational analyses. Two
additional sites in the odr-10 promoter were identified by
visual inspection and also mutated. These four additional
sequences were combined with sequences derived from the
mammalian targets to obtain a modified O/E consensus.
This modified consensus was then used to identify O/E
binding sites within 2 kb upstream of the putative tran-
scription start sites of additional genes using Possum (score
threshold was set at 5).
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Total RNA from wild-type and unc-3(oy85) animals was
reverse transcribed using an oligo-d(T) primer. Primers
specific for odr-10 and unc-122 coding sequences were
used to amplify odr-10 and unc-122 sequences, respec-
tively, in the same amplification reaction. The amplified
products were electrophoresed and quantitated using Mole-
cular Analyst (BioRad) software.
Dauer assays
Dauer assays at 27-C were performed as described
(Ailion and Thomas, 2000).
Electrophoretic mobility shift assays (EMSA)
EMSA was carried out with the LightShift Chemilumi-
nescent EMSA kit (Pierce). In brief, the unc-3 cDNA was
cloned into the pJG4-5 yeast expression vector (Mo Bi Tec)
and transformed into the EGY48 yeast strain (Invitrogen).
Total yeast nuclear extracts were isolated as described
(Arndt et al., 1987). 100 Ag of total yeast nuclear extract was
incubated with biotin-labeled and/or -unlabeled probes for
30 minutes. Samples were electrophoresed on a 6%
polyacrylamide gel and visualized using chemilumines-
cence. Probes used were the following: wild type: 5V-
ATGCTTCCCTTGTGAGTAGG-3V; mutant: 5V-ATGCT-
TACCTTGTTTGTAGG-3V; mutated bases are underlined.
Quantitation was performed using ImageJ.Results
A subset of neuronal markers are misexpressed in the ASI
neurons in unc-3 mutants
The oy85 allele was isolated in a screen for mutants with
altered expression of a ceh-360gfp fusion gene. ceh-36
encodes an OTX-like homeodomain protein and has been
shown to be required for terminal differentiation of the
AWC olfactory and ASE gustatory neurons (Chang et al.,
2003; Koga and Ohshima, 2004; Lanjuin et al., 2003). In
adult wild-type animals, expression of ceh-360gfp is
restricted to these two neuron types. However, ceh-360gfp
was ectopically expressed in 83% of ASI neurons in oy85
mutant adults (Fig. 1A, Table 1). Mapping and sequencing
analysis indicated that oy85 was allelic to the previously
identified gene unc-3 (Prasad et al., 1998). Based on its
molecular lesion (Supplemental Fig. 1), oy85 is likely to be
a null allele. ceh-360gfp was ectopically expressed to a
similar extent in animals carrying the previously isolated
unc-3(e151)-null allele (Table 1).
Since ceh-360gfp is expressed in both the AWC and
ASE neurons in wild-type animals, we determined whether
the ASI neurons in unc-3 mutants adopted additionalcharacteristics of either or both neuron types. Although
the bilateral ASE neurons share common functions and gene
expression profiles, the ASEL and ASER neurons also
exhibit distinct chemosensory responses and gene expres-
sion patterns (Chang et al., 2003; Hobert et al., 1999; Pierce-
Shimomura et al., 2001; Yu et al., 1997). The flp-6 and flp-
20 genes encode neuropeptides and are expressed in several
neurons including the ASEL/R neurons (Kim and Li, 2004).
Both flp-6 and flp-20 were strongly misexpressed in the ASI
neurons of unc-3 mutants (Fig. 1A, Table 1 and Supple-
mental Table 1). The ASEL-specific gcy-7 guanylyl cyclase
(Yu et al., 1997) and lim-6 homeobox genes (Hobert et al.,
1999) and the ASER-specific gcy-5 guanylyl cyclase gene
(Yu et al., 1997) were also ectopically but weakly expressed
in both ASI neurons of unc-3 mutants (Fig. 1, Table 1,
Supplemental Table 1). These results indicate that both
ASEL- and ASER-specific genes are misexpressed in the ASI
neurons in unc-3 mutants. We next examined the expression
of AWC markers in unc-3 mutants. Under normal culture
conditions, a str-20gfp fusion gene is expressed stochasti-
cally in either the AWCL or AWCR neuron in wild-type
animals (Troemel et al., 1999). We observed ectopic
expression of the str-2 olfactory receptor gene in the ASI
neurons in unc-3 mutants (Table 1), while the odr-1 receptor
guanylyl cyclase gene, which is expressed bilaterally in the
AWC andAWB neurons (L’Etoile and Bargmann, 2000), was
not misexpressed (Table 1).
We determined whether misexpression in the ASI
neurons in unc-3 mutants was restricted to a subset of
markers of the ASE and AWC chemosensory neurons, or
whether additional amphid neuronal markers were also
affected. We observed ectopic expression of multiple
amphid neuronal markers in the ASI neurons of unc-3
mutant adult animals (Fig. 1A, Supplemental Fig. 2, Table
1, Supplemental Table 1). These included a subset of
markers of terminal differentiation such as genes encoding
olfactory receptors, channels, and other signal transduction
molecules as well as neuropeptides. However, not all
markers for a particular neuron type were misexpressed
(Supplemental Fig. 2). In addition, certain markers were
more strongly misexpressed than others even for a single
sensory neuron type (Supplemental Fig. 2).
To determine whether genes expressed in non-amphid
neurons were also misexpressed in ASI, we next examined
the expression patterns of the flp-3 and flp-8 neuropeptide
(Kim and Li, 2004), the mec-4 amiloride-sensitive sodium
channel (Driscoll and Chalfie, 1991), and the unc-25
glutamic acid decarboxylase genes (Jin et al., 1999). These
genes are expressed in multiple neuron types including non-
amphid sensory neurons, interneurons, and motor neurons.
All four genes were ectopically but weakly expressed in
unc-3 mutants (Fig. 1A, Supplemental Fig. 2, Table 1,
Supplemental Table 1). However, expression of non-neuro-
nal genes including a muscle- and coelomocyte-specific
marker was not affected (Table 1, Supplemental Table 1).
Interestingly, although UNC-3 is expressed in ASI begin-
Fig. 1. unc-3 mutants exhibit ectopic expression of neuronal markers in the ASI neurons. (A) Shown is the expression of the indicated gfp fusion genes or
anti-FLP-8 antibody staining in wild-type (left column) or unc-3(oy85) mutant (right column) animals. Anterior is at left. Scale bar: 25 Am. (B) Levels of
endogenous odr-10 transcripts are increased in unc-3 mutants. The mean of the ratios of endogenous odr-10 message to endogenous unc-122 message
from wild-type and unc-3(oy85) mutants from 4 independent RT-PCR experiments is shown. An asterisk marks levels that are different from wild type at
P < 0.05.
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gene expression in the ASI neurons of unc-3 mutants was
first observed only the L2/L3 larval stages and was
maintained thereafter (Table 1 and data not shown). Taken
together, these results suggest that in unc-3 mutants, the ASI
neurons misexpress many, but not all, neuronal genes at
later larval stages.The observation that a subset of markers of multiple
neuron types is misexpressed in the ASI neurons of unc-3
mutants was unexpected. It is possible that these observa-
tions were a consequence of transgene artifacts and did not
reflect changes in the expression of endogenous genes. We
therefore attempted to verify the observed ectopic gene
expression by alternate methods. Of the genes misexpressed
Table 1
The ASI neurons misexpress multiple neuronal markers in unc-3 mutants
Strain Marker Encodes Cells
expressing
in the
heada
% of ASI
neurons
expressingb
Wild type ceh-360gfp OTX
transcription
factor
AWC,
ASE
0
unc-3(oy85) ceh-360gfp 83c
unc-3(e151) ceh-360gfp 75c
unc-3(oy85) L1s ceh-360gfp 0
Wild type flp-200gfp Neuropeptide ASEd 0
unc-3(oy85) flp-200gfp 94
unc-3(e151) flp-200gfp 99
Wild type gcy-70gfp Guanylyl
cyclase
ASEL 0
unc-3(oy85) gcy-70gfp 42c
Wild type gcy-50gfp Guanylyl
cyclase
ASER 0
unc-3(oy85) gcy-50gfp 95
Wild type str-20gfp 7-TM
receptor
AWCe 4c
unc-3(oy85) str-20gfp 96
Wild type odr-10yfp Guanylyl
cyclase
AWB,
AWC
0
unc-3(oy85) odr-10yfp 0
Wild type odr-100gfp 7-TM
receptor
AWA 0
unc-3(oy85) odr-100gfp 96
unc-3(oy85) L1s odr-100gfp 0
Wild type str-10gfp 7-TM
receptor
AWB 0
unc-3(oy85) str-10gfp 34c
Wild type gpa-90gfp Ga subunit ASJd 0
unc-3(oy85) gpa-90gfp 99
Wild type flp-80gfp Neuropeptide AUA,
URX,
PVMd
0
unc-3(oy85) flp-80gfp 99
Wild type myo-30gfp Myosin
heavy
chain
(Muscle) 0
unc-3(oy85) myo-30gfp 0
The expression of stably integrated transgenes was examined. n > 50
animals for each. Numbers shown are for adult animals except as indicated.
Animals were grown at 25-C and examined at 400 magnification.
a Expression in these cells was not altered in unc-3 mutants.
b When expressed in a single ASI neuron in an animal, expression was
observed randomly in either ASIL or ASIR.
c GFP expression in ASI was weak.
d These fusion genes are expressed in additional neuronal and non-
neuronal cells. See text for references.
e str-2 is expressed stochastically in either AWCL or AWCR.
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gene product. Staining unc-3 mutant animals with anti-FLP-
8 antibodies confirmed the ectopic expression in the ASI
neurons observed using the flp-80gfp transgene (Fig. 1A).
We also compared levels of endogenous odr-10 transcripts
in wild-type and unc-3 mutants by RT-PCR. When
normalized to the expression of unc-122, whose expression
is unaffected in unc-3 mutants (Supplemental Table 1),
expression of endogenous odr-10 was increased approx-
imately 1.5-fold in unc-3 mutants as compared to wild-type
animals (Fig. 1B). We also addressed the possibility that
misexpression in the ASI neurons of unc-3 mutants arose
due to cryptic sites in the transgenes themselves or in the
vector backbones. However, transgenes lacking most vector
sequences or containing alternate vector or reporter sequen-
ces also exhibited ectopic expression in the ASI neurons inunc-3 mutants (see Materials and methods), indicating that
the observed expression pattern was likely not simply due to
transgene artifacts.
Similar to other sensory neurons, the ASI neurons are
bipolar with an axonal process that enters the nerve ring,
which is the principal site of signal integration, and a
dendritic process that extends to the nose of the animal
(White et al., 1986). The dendrite terminates in an elongated
cilium that is exposed to the environment (Ward et al.,
1975). The cellular morphology of the ASI neurons is
established during late embryonic stages (Sulston et al.,
1983). To determine whether the observed misexpression of
genes in later larval stages resulted in alterations in cellular
morphology, we examined the axonal trajectories as well as
the ciliary structures of ASI neurons in unc-3 mutants
misexpressing odr-100gfp. However, these structures were
not grossly altered in unc-3 mutants. In addition, the ASI
neurons retained the ability to fill with lipophilic dyes such
as DiD (data not shown).
Misexpression of genes in unc-3 mutants bypasses factors
required for expression in their normal developmental
context
Many transcription factors required for the development
and differentiation of individual amphid sensory neuron
types have been identified (reviewed in Lanjuin and
Sengupta, 2004; Melkman and Sengupta, 2004). These
factors have been shown to be necessary and in some cases,
sufficient to drive cell-specific gene expression patterns.
Since many of the direct or indirect target genes of these
factors are ectopically expressed in the ASI neurons of unc-
3 mutants, UNC-3 may act by repressing the expression of
these factors in the ASI neurons. To test this possibility, we
examined whether these regulatory transcription factor
genes were misexpressed in unc-3 mutant animals.
The CHE-1 zinc finger transcription factor regulates all
known differentiated characteristics of the ASEL/R neurons
(Chang et al., 2003; Uchida et al., 2003). Ectopic expression
of che-1 in the ASI neurons is sufficient for misexpression
of ASE markers including gcy-5 and gcy-7 (Uchida et al.,
2003). However, che-1 was not misexpressed in the ASI
neurons of unc-3 mutants (Table 2). Moreover, ectopic
expression of ceh-36, flp-6, and flp-20 was unaffected in
che-1;unc-3 double mutant animals (Table 2 and data not
shown). These results indicate that expression of ASE
markers in the ASI neurons of unc-3 mutants does not
require che-1. Differential expression levels of the COG-1
NKX-6-related homeodomain protein (Palmer et al., 2002)
mediates the distinct ASEL/R identities (Chang et al., 2003).
cog-1 was also not misexpressed in the ASI neurons of unc-
3 mutants (Table 2). Similarly, although the ODR-7 nuclear
hormone and MEC-3 LIM-homeodomain factors are neces-
sary for the expression of the odr-10 olfactory receptor gene
in the AWA neurons and the mec-4 channel gene in the
touch cells, respectively (Mitani et al., 1993; Sengupta et al.,
Table 2
Transcription factors required for marker gene expression in their normal
developmental context are not misexpressed in unc-3 mutants
Strain Marker Encodes Cells
expressing
in the heada
% of ASI
neurons
expressing
Wild type che-10gfp Zn finger
transcription
factor
ASE, ASHb 0
unc-3(oy85) che-10gfp 0
Wild type cog-10gfp NKX-6
transcription
factor
ASE, ASJ,
ADLb
0
unc-3(oy85) cog-10gfp 0
che-1(p674) ceh-360gfp OTX
transcription
factor
AWC 0
che-1(p674);
unc-3(oy85)
ceh-360gfp 89c
Wild type aODR-7 Nuclear
hormone
receptor
AWA 0
unc-3(oy85) aODR-7 0
odr-7(ky4) odr-100gfp 7-TM
receptor
AWA 0
odr-7(ky4)
unc-3(oy85)
odr-100gfp 100
Wild type lim-40gfp LIM
homeodomain
transcription
factor
AWB, RID,
RIV, RMEV,
RMD, SAA,
and SMBb
0
unc-3(oy85) lim-40gfp 0
The GFP expression of stably integrated transgenes was examined except
for che-10gfp and cog-10gfp, which were present on extra-chromosomal
arrays. ODR-7 expression was detected by staining with anti-ODR-7
antibodies. n > 50 animals for each. Adult animals grown at 25-C were
examined at 400 magnification.
a Expression in these cells was not altered in unc-3 mutants.
b These fusion genes are expressed in additional neuronal and non-
neuronal cells. See text for references.
c GFP expression in ASI was weaker than in the normally expressing
AWC cells.
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10 and mec-4 in unc-3 mutants did not require odr-7 or
mec-3 (Table 2, data not shown). Finally, misexpression of
the str-1 olfactory receptor gene in the ASI neurons also did
not require concomitant misexpression of the LIM homeo-
box gene lim-4, which regulates str-1 expression in the
AWB olfactory neurons (Sagasti et al., 1999) (Table 2).
These results suggest that UNC-3 may directly repress the
expression of genes specific to multiple neuron types in the
ASI neurons. Moreover, activation of gene expression in the
absence of UNC-3 function does not require the cell-specific
factors necessary for activation in their normal develop-
mental contexts.
These results raised the possibility that in wild-type
animals, transcription factors such as CHE-1 and ODR-7
may act by repressing unc-3 expression in the ASE and
AWA neurons, respectively, thereby allowing expression of
their downstream target genes. To test this possibility, we
examined unc-30gfp expression in che-1 and odr-7
mutant animals. However, unc-30gfp expression was un-
altered in these mutant backgrounds (data not shown),
suggesting that sequential repressive cascades involving
unc-3 (Muhr et al., 2001) do not act to specify ASE or
AWA identities.Misexpression of unc-3 is sufficient to repress gene
expression in the AWA neurons
Since UNC-3 is necessary to repress neuronal gene
expression in the ASI neurons, we next determined whether
UNC-3 is also sufficient. We misexpressed unc-3 using the
gpa-4 promoter which drives expression exclusively in the
ASI and AWA neurons in adult animals (Jansen et al., 1999)
(Shibuya, M. and P.S., unpublished results). Expression of
unc-3 in the ASI and AWA neurons in unc-3(oy85) mutants
not only rescued the ectopic expression of an odr-100gfp
fusion gene in the ASI neurons but also repressed odr-10
expression in the AWA neurons (Fig. 2A, Table 3).
However, expression of odr-7 was unaffected. Repression
of odr-10 in the ASI and AWA neurons in unc-3 mutants
was observed at all developmental stages. In addition,
misexpression of unc-3 in the ASE and AWC neurons
repressed expression of a ceh-360 §§gfp fusion gene (data
not shown).
To confirm that endogenous gene expression in the AWA
neurons was also affected, we examined the behavioral
consequences of unc-3 misexpression in the AWA neurons.
odr-10 encodes the olfactory receptor for the volatile
attractive odorant diacetyl (Sengupta et al., 1996). Trans-
genic animals misexpressing unc-3 under the gpa-4
promoter failed to respond to the AWA-sensed odorants
diacetyl and pyrazine, although they responded normally to
an AWC-sensed odorant (Fig. 2B). These results further
suggest that UNC-3 directly represses the expression of a
subset of genes, and that UNC-3-mediated repression can
act in multiple cellular contexts.
The ASI neurons in unc-3 mutants fail to express a subset of
ASI-specific genes including the daf-7/TGFb gene
Under non-adverse culture conditions, the ASI neurons
repress entry into the alternate dauer developmental stage
via expression of the daf-7 TGF-h gene (Ren et al., 1996;
Schackwitz et al., 1996). unc-3 mutants exhibit compro-
mised regulation of dauer entry (Ailion and Thomas, 2000;
Prasad et al., 1998), although the underlying mechanisms
for this defect are unclear. To investigate the role of UNC-3
in ASI neuronal development further, we examined the
expression of ASI-specific genes in unc-3 mutants. We
found that expression of a daf-70gfp fusion gene was
downregulated but not abolished in the ASI neurons of unc-
3(oy85) animals (Table 4). Expression of unc-3 in the ASI
neurons under the gpa-4 promoter restored daf-7 expression
(Table 4) and, moreover, also rescued the dauer-regulatory
defects of unc-3 mutants (98% unc-3(oy85) animals were
arrested as dauers at 27-C as compared to 20% unc-3(oy85)
animals transgenic for the gpa-40unc-3 plasmid; n > 50).
Taken together with previous genetic epistasis data that
indicate UNC-3 acts in the same pathway as DAF-7 to
regulate dauer formation (Ailion and Thomas, 2000), these
results suggest that downregulation of daf-7 expression in
Table 4
UNC-3 regulates the expression of a subset of ASI-specific genes
Strain Marker Encodes % expressing
Fig. 2. Misexpression of unc-3 in the AWA neurons results in repression of AWA-specific genes and altered olfactory behaviors. (A) (Left) odr-100gfp is
expressed in the AWA and ASI neurons of unc-3(oy85) mutants. (Right) odr-100gfp expression in both neuron types is repressed upon expression of unc-3
driven by the gpa-4 promoter. Anterior is at left. Scale bar: 25 Am. (B) Shown are the olfactory responses of wild-type and transgenic animals expressing unc-3
driven by the gpa-4 promoter to the AWA-sensed odorants diacetyl and pyrazine, and the AWC-sensed odorant benzaldehyde. CI—chemotaxis index
(Bargmann et al., 1993). Responses were examined to a point source of 1 nl diacetyl, 1 Al of 10 mg/ml pyrazine, and 1 Al of 1:200 dilution of benzaldehyde.
Data shown are from 4 independent assays using at least 100 animals in each assay.
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defects of unc-3 mutants.
We also found that expression of the sra-6 and str-3
chemoreceptor genes was downregulated, and expression of
the str-2 receptor gene was upregulated in the ASI neurons
of unc-3 mutants (Tables 1 and 4). We previously observed
similar alterations in sra-6, str-3, and str-2 gene expression
in the ASI neurons in daf-7-null mutants (Nolan et al.,
2002). All daf-7 mutant phenotypes including altered
chemoreceptor gene expression are suppressed by mutationsTable 3
Misexpression of UNC-3 in the AWA olfactory neurons is sufficient to
repress expression of an AWA-specific signaling gene
Strain Marker Encodes % expressing in at
least one
ASI AWA
Wild type odr-100gfp 7-TM
receptor
0 100
unc-3(oy85) odr-100gfp 100 100
unc-3(oy85);
Ex[gpa-40unc-3]
odr-100gfp 34 34
Wild type aODR-7 Nuclear
hormone
receptor
0 100
unc-3(oy85) aODR-7 0 100
unc-3(oy85);
Ex[gpa-40unc-3]
aODR-7 0 100
ODR-7 expression was detected by staining with anti-ODR-7 antibodies.
Expression of ODR-7 was examined at 400 magnification; expression of
odr-100gfp was examined at 45 magnification. Adult animals grown at
25-C were examined. n > 50 animals for each.in the daf-3 SMAD and/or daf-5 SNO/SKI genes (da Graca
et al., 2004; Nolan et al., 2002; Patterson et al., 1997; Riddle
et al., 1981; Thomas et al., 1993). If the observed defects in
chemoreceptor expression in unc-3 mutants were a secon-
dary consequence of downregulation of daf-7 expression,at wild-type
levels in at
least one ASI
neuron
Wild type daf-70gfp TGF-h 100
unc-3(oy85) daf-70gfp 0a
unc-3(oy85);Ex[gpa-40unc-3] daf-70gfp 69
Wild type gpa-40gfp Ga subunit 100
unc-3(oy85) gpa-40gfp 100
Wild type sra-60gfp 7-TM
receptor
100
unc-3(oy85) sra-60gfp 0a
Wild type str-30gfp 7-TM
receptor
96
unc-3(oy85) str-30gfp 0a
Wild type str-20gfp 7-TM
receptor
8
unc-3(oy85) str-20gfp 96
daf-5(e1385);unc-3(oy85) str-20gfp 100
GFP expression of stably integrated transgenes was examined except for
gpa-40gfp and str-30gfp, which were present on extra-chromosomal
arrays. n > 50 animals for each. Adult animals grown at 25-C were
examined at 400 magnification.
a 72%, 78%, and 21% of unc-3 mutants retained weak daf-70gfp,
sra-60gfp, and str-30gfp expression.
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in daf-3 and/or daf-5. However, daf-5(e1385) did not
suppress the str-2 expression defect in the ASI neurons of
unc-3 mutants (Table 4), suggesting that UNC-3 regulates
chemoreceptor expression via a daf-7-independent pathway.
Deletion of predicted UNC-3 binding sites in the promoters
of target genes results in altered gene expression in the ASI
neurons
Mammalian O/E transcription factors have been shown
to directly bind a conserved DNA sequence motif in the
promoter regions of olfactory genes (Wang and Reed, 1993;
Wang et al., 1997, 2002). The predicted DNA-binding
domain of UNC-3 is highly conserved with its mammalian
homologs, suggesting that UNC-3 may bind a related site.
We searched for consensus O/E sites within 2 kb upstream
of the putative transcription start sites of odr-10 and flp-8
(see Materials and methods). We initially identified two and
one putative site(s) in the promoters of flp-8 and odr-10,
respectively. To determine whether these sites were func-
tionally relevant in vivo, we then generated point mutations
in or deleted these sites. Mutation of the predicted site that
exhibited the best match to the consensus O/E binding site
in the promoter of flp-8 resulted in ectopic expression in the
ASI neurons in >70% of transgenic animals. Expression in
the AUA, URX, and PVM neurons was unaltered (Fig. 3A).
However, deletion of the predicted O/E site in the odr-10
promoter (odr-10D2) resulted in ectopic gfp expression in
only ¨15% of transgenic animals (Fig. 3B). To determine
whether additional sites were also required, we visually
examined odr-10 promoter sequences and identified two
additional sites. Mutations in each of these sites also
resulted in ectopic gfp expression in the ASI neurons in
¨15% of transgenic animals (odr-10D1, odr-10D3). How-
ever, deletion of sequences containing two (odr-10D4) or all
three (odr-10D5, odr-10D6) predicted sites resulted in
ectopic expression in approximately 50% of transgenic
animals (Fig. 3B). Since gfp expression driven by the odr-
10D6 promoter was observed in 100% of transgenic unc-3
animals, it is likely that this promoter contains additional
regulatory sites. Expression in the AWA neurons was
unaffected in all cases. Interestingly, no O/E sites were
predicted in the promoter of the odr-10 ortholog in the
related nematode C. briggsae, and the C. briggsae odr-10
promoter drove gfp expression in both the AWA as well as
the ASI neurons in wild-type C. elegans (Fig. 3C). These
results are consistent with the hypothesis that UNC-3
directly binds promoter sequences to mediate repression.
However, we are unable to rule out the possibility that
protein(s) other than UNC-3 may also mediate gene
regulation via the identified sites.
To determine whether O/E sites could also be identified
in the promoters of additional UNC-3-regulated genes, we
examined 2 kb of promoter sequences using a modified O/E
consensus sequence (see Materials and methods; Supple-mental Fig. 3A). Multiple sites were identified in the
promoters of most regulated genes (Supplemental Fig.
3B). The numbers of target sites, their orientation, and
distance from the putative transcription start site were highly
variable and did not obviously correlate with expression
levels in the ASI neurons. We also identified potential sites
in the promoters of genes whose expression was not affected
by mutations in unc-3 (data not shown). It is possible that
these promoters do not contain motifs required for activation
of expression in the ASI neurons upon loss of UNC-3 (K.K.
and P.S., unpublished observations). Although no predicted
UNC-3 binding site was identified in 2 kb of daf-7 promoter
sequences, a consensus site was identified further upstream
(Fig. 3D). Deletion of this site did not affect expression in
the ASI neurons. These results suggest that UNC-3 may
directly bind to repress expression of genes such as odr-10
and flp-8 in the ASI neurons, but it may activate daf-7 via a
different mechanism.
UNC-3 directly binds a predicted O/E site from the odr-10
promoter in vitro
To confirm whether UNC-3 directly binds to predicted
O/E sites, we performed electrophoretic mobility shift
assays (EMSA). Yeast extracts expressing UNC-3 protein
were incubated with labeled DNA containing a predicted O/
E motif derived from the odr-10 promoter. UNC-3 directly
bound to these sequences as indicated by retarded mobility
of the complex (Fig. 4, lane 2). Mutations in the O/E motif
previously shown to abolish binding of mammalian O/E
proteins in vitro (Wang et al., 1993) significantly decreased
UNC-3 binding (Fig. 4, lane 6). Binding to the wild-type
motif was more effectively competed for by incubation with
excess unlabeled wild-type O/E sequences (Fig. 4, lanes 3
and 4) than mutated sequences (Fig. 4, lane 5). These results
support the hypothesis that UNC-3 directly binds an O/E
motif(s) to repress gene expression in vivo.Discussion
Cellular identities are defined by the activation of
expression of correct cellular features and by the repression
of inappropriate characteristics. For instance, in a Droso-
phila inner photoreceptor subtype, the OTD homeodomain
protein directly activates the expression of the appropriate
rhodopsin genes while indirectly repressing the expression
of a rhodopsin specific for outer photoreceptors (Tahayato
et al., 2003). In the spinal cord, the HB9/MNR2 homeo-
domain protein promotes motoneuron identity while repres-
sing alternate V2 interneuron characteristics (Arber et al.,
1999; Tanabe et al., 1998; Thaler et al., 1999). Specification
of sensory neuronal identity via similar activation and
repression mechanisms has also been observed in C.
elegans. In the AWB olfactory neurons of C. elegans, the
LIM-4 LIM homeodomain protein promotes AWB-specific
ig. 3. Deletion of predicted UNC-3 binding sites in the flp-8, odr-10, but not daf-7 promoters affect gene expression in the ASI neurons. Identified putativ NC-3 binding sites (see Materials and methods) and
eir sequences are shown in the promoters of the flp-8 (A), odr-10 (B), and daf-7 (D) genes. Sites identified using the mammalian O/E consensus are show red. Underlined bases were mutated (flp-8 promoter:
CTCGGGGGG to TAGCGCGGTG) or deleted (odr-10 promoter). Each promoter construct was fused to the gfp reporter and injected into wild-type anim Expression in unc-3(oy85) mutants was examined by
ossing in extra-chromosomal arrays from the wild-type background. The percentage of animals transgenic for each construct showing gfp expression in t ndicated neurons is shown. Strength of expression is
dicated by increasing numbers of F+_ symbols. Numbers shown are from 2 independent transgenic lines for each construct; n > 50 for each. (C) The prom r of the odr-10 ortholog from C. briggsae drives gfp
pression in both the AWA and ASI neurons in wild-type C. elegans. Scale bar: 25 Am.
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Fig. 4. UNC-3 directly binds a predicted O/E site. The interaction of nuclear extracts from a yeast strain expressing UNC-3 to a predicted O/E binding site from
the odr-10 promoter was examined using EMSA. Specificity of binding was assayed by examining binding to a mutated site and by competition with unlabeled
wild-type (WT) or mutated (mut) sequences (see Materials and methods for sequences used). The ratio of band intensity in each lane to that in lane 1 was as
follows: lane 2 = 3; lanes 3 and 4 = 1; lanes 5 and 6 = 2.
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olfactory neuron identity (Sagasti et al., 1999), whereas in
the ASE neurons, a cascade involving sequential repression
mechanisms acts to further diversify the fates of the left and
right ASE neurons (Chang et al., 2003, 2004; Johnston and
Hobert, 2003).
In many cases, the fates repressed are those of lineal or
functional relatives. Thus, while the AWB and AWC
olfactory neurons do not share direct lineal ancestry, they
are functionally related cell types, whereas motoneurons and
V2 interneurons may be derived from a common progenitor
(Ericson et al., 1997; Sharma et al., 1998). Surprisingly,
however, in unc-3 mutants, the ASI neurons misexpress
genes specific to lineally as well as functionally unrelated
neuron types. In one model, in the absence of UNC-3
function, the remaining transcription factor code in the ASI
neurons may be a Fnonsense_ code that activates expression
of a seemingly random subset of neuronal genes. In another
model, the remaining code may represent part of a Fpan-
neuronal_ code that is capable of activating broad neuronal
gene expression. Components of this code may be present in
many neuron types, and we speculate that neuron type-
specific gene expression patterns may arise from the further
combinatorial actions of cell-specific activators and repress-
ors. It should be noted, however, that since ectopic gene
expression is only observed beginning at L2/L3 stages,
factors driving ASI-specific gene expression may be
activated in a stage-specific manner in unc-3 mutants.
Alternatively, another factor may act to repress gene
expression during early larval stages. Identification of these
factor(s) and further analyses of cis-regulatory sequences of
ectopically expressed genes will allow us to address these
issues in the future.
Factors regulating specific cell fates may directly or
indirectly repress the expression of genes inappropriate for
that cell type or alternatively, gene expression may be
repressed by feedback mechanisms (Lewcock and Reed,
2004; Serizawa et al., 2003; Shykind et al., 2004). We have
shown that UNC-3 plays a critical role in the specificationof subtype identity of the ASI neurons by repressing the
expression of multiple neuronal genes by directly binding
to O/E sites in upstream promoter sequences. However,
UNC-3 may activate the expression of ASI-specific genes
via alternate mechanisms, since deletion of a predicted O/E
site in the promoter of daf-7 did not result in a loss of daf-7
expression. O/E proteins have been shown to transactivate
via alternate sites as heterodimers with factors such as the
zinc finger protein OAZ (Tsai and Reed, 1997, 1998).
Alternatively, it is possible that UNC-3 activates daf-7
expression indirectly, perhaps by repressing a repressor
protein. Vertebrate O/E proteins have also been shown to
directly interact with sites present upstream of most
olfactory signaling genes, suggesting that O/E function in
chemosensory neuron gene regulation may be conserved
(Kudrycki et al., 1993; Mori et al., 2000; Vassalli et al.,
2002; Wang and Reed, 1993; Wang et al., 1997, 2002).
However, direct O/E binding to cognate sites has been
shown to primarily result in activation of gene expression,
whereas inhibition of transcription is mediated indirectly
via interaction with other proteins (Tsai and Reed, 1997;
Zhao et al., 2003). In the mouse ventral telencephalon,
EBF1 has been shown to downregulate the expression of
subventricular zone (SVZ) markers in striatal mantle cells
(Garel et al., 1999), and in spinal cord progenitors,
misexpression of EBF1 represses motoneuron markers
(Garcia-Dominguez et al., 2003). It is possible that
analogous to UNC-3 function in C. elegans, O/E proteins
also act as direct repressors of gene expression in other
systems. Thus, O/E proteins may confer cell-specific
identities via both direct activation and repression of target
genes.
The combinatorial complexity that regulates sensory cell-
specific gene expression is underscored by our analysis of
the promoters of UNC-3 target genes. As an example, we
have identified distinct sequences in the upstream regulatory
regions of the odr-10 olfactory receptor gene that are
required for expression in the AWA olfactory neurons, for
repression by UNC-3, and for activation of expression in the
K. Kim et al. / Developmental Biology 286 (2005) 136–148146ASI chemosensory neurons (this work and K.K., M.E.C.
and P.S., unpublished results). In addition, odr-10 expres-
sion has been shown to be regulated by neuronal activity
(Tobin et al., 2002). We and others have also previously
shown that additional olfactory receptor genes are regulated
in a complex manner by distinct developmental signals as
well as by different environmental cues (Lanjuin and
Sengupta, 2002; Nolan et al., 2002; Peckol et al., 2001;
Sagasti et al., 2001). Regulation of daf-7 expression may be
similarly complex. High levels of pheromone and high
temperature downregulate daf-7 expression (Ailion and
Thomas, 2000; Ren et al., 1996; Schackwitz et al., 1996).
Since expression of unc-3 is unaffected by environmental
signals (K.K. and P.S., unpublished results), it is possible
that daf-7 expression is regulated via integration of cell-
intrinsic factors and environmental cues. Alternatively,
UNC-3 function may be modulated by external signals.
Interestingly, the presence of repressive regulatory sequen-
ces in the odr-10 promoter as well as in the flp-8 and daf-7
promoters is in contrast to the absence of such elements in
the promoters of a battery of terminal differentiation genes
expressed in the AIY interneurons (Wenick and Hobert,
2004). Thus, sensory neuronal identities in C. elegans
appear to be determined by complex networks of factors
whose activating and repressing functions on gene expres-
sion may be modulated by the interplay between develop-
mental and environmental signals. Expression of sensory
genes such as olfactory receptors in vertebrates are likely to
be regulated via similarly complex mechanisms (Hirota and
Mombaerts, 2004; Hoppe et al., 2000, 2003; Lewcock and
Reed, 2004; Serizawa et al., 2003; Shykind et al., 2004).
O/E proteins such as UNC-3 appear to be key members of
these networks regulating sensory gene expression, and
thereby sensory neuron identities, in both vertebrates as well
as in invertebrates.Acknowledgments
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